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ABSTRACT: 
 We report experimental measurements for ultrathin (< 15 nm) van der Waals 
heterostructures exhibiting external quantum efficiencies exceeding 50%, and show that these 
structures can achieve experimental absorbance > 90%. By coupling electromagnetic simulations 
and experimental measurements, we show that pn WSe2/MoS2 heterojunctions with vertical 
carrier collection can have internal photocarrier collection efficiencies exceeding 70%.  
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Owing to their naturally passivated basal planes and strong light-matter interactions, 
transition metal dichalcogenides are of considerable interest as active elements of optoelectronic 
devices such as light-emitting devices, photodetectors and photovoltaics.1,2 Ultrathin transition 
metal dichalcogenide (TMD) photovoltaic devices a few atomic layers in thickness have been 
realized using TMDs such as molybdenum disulfide (MoS2) and tungsten diselenide (WSe2).3–8 
Complete absorption of the solar spectrum is a challenge as the thickness is reduced to the 
ultrathin limit,9–11 whereas efficient carrier collection is challenging in thicker bulk TMD crystals. 
The active layers in conventional photovoltaics typically range from a few microns in direct gap 
materials (gallium arsenide) to a hundred microns thick or more in indirect gap materials 
(silicon).12   
Efficient ultrathin and ultralight (<100 g/m2) photovoltaics have long been sought for 
many applications where weight and flexibility are important design considerations, such as 
applications in space power systems, internet-of-things devices, as well as portable and flexible 
electronics.13–15 Conventional photovoltaic materials are mechanically fragile when thinned 
down to the ultrathin (< 10 nm) regime, and interfacial reactions mean that a large fraction of 
the crystal consists of surface-modified regions rather than intrinsically bulk material.  Surface 
oxides and dangling bonds in ultrathin films often result in increased nonradiative recombination 
losses, lowering photovoltaic efficiencies. By contrast, transition metal dichalcogenides have 
intrinsically high absorption and their layered crystallographic structures suggest the possibility 
of achieving intrinsically passive basal planes in high quality crystals. 
 Photovoltaics that can approach the Shockley-Queisser limit,16,17 have two prerequisites: 
first, that at open circuit, every above-bandgap photon that is absorbed is extracted as an emitted 
photon at the band-edge of the material, i.e. it has perfect external radiative efficiency.18 Amani 
et al. have recently demonstrated that superacid-treated monolayers of MoS2 and WS2 exhibit 
internal radiative efficiency > 99%,19 suggesting that the condition of very high external radiative 
efficiency might be satisfied in transition metal dichalcogenides. The second prerequisite is that 
at short circuit, the photovoltaic device must convert every incident above-bandgap photon into 
an extracted electron, i.e. it has external quantum efficiency (EQE) approaching unity.  
To understand the path to high EQE, we can deconvolute the external quantum efficiency 
into the product of two terms: the absorbance and internal quantum efficiency (IQE). High EQE 
devices exhibit both high absorption and internal quantum efficiency, i.e., carrier generation and 
collection efficiency per absorbed photon. To date, reports of van der Waals based photovoltaic 
devices have not considered both of these concepts and separately evaluated them as criteria 
for high efficiency photovoltaics.  
Coupling electromagnetic simulations with absorption and EQE measurements enables 
quantitative characterization of few-atomic-layer thickness optoelectronic devices in van der 
Waals heterostructures. In this paper, we demonstrate external quantum efficiencies > 50% 
(Figure 1(a)), indicating that van der Waals heterostructures have considerable potential for 
efficient photovoltaics. We show that high EQE results from both high optical absorption and 
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efficient electronic charge carrier collection. We analyze the optical response using 
electromagnetic simulations to explain how near-unity absorption can be achieved in 
heterostructures (Figure 1(b)). We find that experimental absorption results for van der Waals 
heterostructures match well with these electromagnetic simulations. Thus we can separate 
optical absorption and electronic transport to quantitatively compare their effects on charge 
collection efficiency for both pn heterojunctions and Schottky junctions (Figure 1 (c)). In addition, 
we analyze the role of few-layer graphene as a transparent top contact (Figure 1 (d)). Finally, we 
outline important considerations for designing high efficiency photovoltaic devices. By 
simultaneously maximizing both external radiative efficiency and external quantum efficiency in 
a single device, van der Waals materials based photovoltaic devices could in principle achieve 
efficiencies close to the Shockley-Queisser limit for their bandgaps.  
RESULTS AND DISCUSSION 
Optoelectronic device characteristics 
We analyzed the optoelectronic device characteristics of a high-performance device 
consisting of a vertical van der Waals heterostructure device of 0.6 nm thick few-layer graphene 
(FLG)/9 nm WSe2/3 nm MoS2/Au (see Supporting Information S1 for optical and photocurrent 
images). Its optoelectronic and device characteristics are shown in Figure 2. First, we find that 
this device exhibits an EQE > 50% (Figure 2 (a)) with absorbance greater than 90% from 
approximately 500 nm to 600 nm. Spectral features such as the exciton resonances of MoS2 and 
WSe2 are well reproduced in the external quantum efficiency spectrum. In addition, we observe 
a maximum single-wavelength power conversion efficiency (PCE) of 3.4% under 740 W/cm2 of 
633 nm laser illumination (Figure 2 (b)). Since the high-performance device is electrically in 
parallel with other devices, typical macroscopically large spot size (~cm) AM 1.5G illumination 
measurements would yield device characteristics substantially different from the high-
performing one. Thus, we estimated the AM 1.5G performance using extracted device 
parameters of a diode fit under laser illumination (see Supporting Information S2 for details). We 
estimate the AM 1.5G PCE of this device to be ~0.4%. This value is presently too low to be useful 
for photovoltaics, but the high EQE values reported here indicate promise for high efficiency 
devices, when device engineering efforts are able to also achieve correspondingly high open 
circuit voltages in van der Waals based photovoltaics.  
Further measurements were performed at different laser powers under 633 nm laser 
illumination (Figure 3), yielding various power-dependent characteristics. Examination of the 
short-circuit current 𝐼𝑠𝑐 yielded nearly linear dependence on laser power, as expected in ideal 
photovoltaic devices. The dashed blue line represents the fit to the expression 𝐼𝑠𝑐 = 𝐴𝑃
𝜏, where 
𝐴 is a constant of proportionality, 𝑃 is the incident power, and 𝜏 represents the degree of 
nonlinearity in this device (𝜏 = 1 is the linear case).20 We find that 𝜏 = 0.98 in our device, 
indicating nearly linear behavior under short circuit conditions. In addition, in an ideal 
photovoltaic device, the open circuit voltage is expected to grow logarithmically with the input 
This document is the unedited Author’s version of a Submitted Work that was subsequently accepted for 
publication in ACS Nano, copyright © American Chemical Society after peer review.  
To access the final edited and published work see  
http://pubs.acs.org/doi/full/10.1021/acsnano.7b03148 
4 
 
power, since 𝑉𝑜𝑐 =
𝑛𝑘𝑏𝑇
𝑞
ln (
𝐽𝐿
𝐽𝑑𝑎𝑟𝑘
+ 1) ≈
𝑛𝑘𝑏𝑇
𝑞
ln (
𝐽𝐿
𝐽𝑑𝑎𝑟𝑘
) for large illumination current densities 
𝐽𝐿. Here, 𝐽𝑑𝑎𝑟𝑘 is the dark current density, 𝑛 is the ideality factor, 𝑘𝑏 is the Boltzmann constant, 
𝑇 is the temperature of the device, and 𝑞 is the fundamental unit of charge, so that 
𝑘𝑏𝑇
𝑞
≈
0.0258 𝑉 at room temperature. In Figure 3 (b) we see that the experimental data match well 
with the diode fit (dashed black line, see Supporting Information S2 for fitting details), suggesting 
an ideality factor of 𝑛 = 1.75 and a dark current density 𝐽𝑑𝑎𝑟𝑘 = 0.65 mA/(cm
2) assuming a 
30 𝜇m × 30 𝜇m device area. Also, since the power conversion efficiency (PCE) is given as 𝑃𝐶𝐸 =
𝐽𝑠𝑐𝑉𝑜𝑐𝐹𝐹/𝑃𝑖𝑛, where 𝐽𝑠𝑐  is the short circuit current density, 𝑉𝑜𝑐 is the open circuit voltage, 𝐹𝐹 is 
the fill fraction, and 𝑃𝑖𝑛 in the incident power density, we would expect the power conversion 
efficiency to scale roughly logarithmically as well. This is true for laser powers up to ~740 W/cm2 
(Figure 3 (c)). However, for larger input power, the PCE decreases with increasing power. Such a 
drop in PCE can be attributed to series resistances in the device, either at the contacts or at the 
junction. This is corroborated by the match between the experimental data (dots) and the fitted 
expression (dashed line), yielding the diode fitting parameters in the lower right hand corner of 
the plot in Figure 3 (c). The fit for the 𝑉𝑜𝑐 was simultaneously done with the PCE, therefore 
yielding the same set of parameters and a good match between experiment and extracted device 
parameters. Finally, we observed a decrease in the EQE at 633 nm with increasing power (Figure 
3 (d)). Using the above fitted parameters, series resistance can only be used to partially explain 
a decrease in the EQE at higher powers. Thus, the additional decrease in EQE at higher powers 
may be due to the onset of carrier density-dependent nonradiative processes such as Auger or 
biexcitonic recombination which are not accounted for in the diode fit used above, where the 
dark current is fixed for all powers.    
 
Absorption in van der Waals heterostructures 
We first investigate the absorption and optical properties of van der Waals 
heterostructures. We formed a heterostructure composed of hexagonal boron nitride (hBN)/ 
FLG/WSe2/MoS2/Au. The composite heterostructure has various regions (inset of Figure 4(a)), 
corresponding to different vertical heterostructures. Given the sensitivity of the performance of 
van der Waals materials to different environmental conditions and device fabrication 
procedures,21 the samples fabricated here allow us to study optical and electronic features of 
different heterostructures in a systematic manner by probing specific heterostructures 
fabricated on the same monolithic substrate. This is enabled by the small spot size of our laser, 
which additionally allows us to properly normalize the spectral response without artificially 
including geometric factors (see Methods for details).  
As an example, consider the optical response at the location of the blue dot in the inset 
of Figure 4 (a). The vertical heterostructure there is composed of 1.5 nm FLG/4 nm WSe2/5 nm 
MoS2/Au. This location can be probed spectrally for its absorption characteristics (Figure 4 (a)), 
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revealing near-unity absorption in van der Waals heterostructures. The peaks at ~610, ~670, 
and ~770 nm correspond to  the resonant excitation of the MoS2 B exciton, MoS2 A exciton, and 
WSe2 A exciton, respectively.22 On the other hand, the broad mode at ~550 nm corresponds to 
the photonic mode that leads to near-unity absorption.23 Measurements of the absorption can 
be corroborated with electromagnetic simulations, unveiling both the accuracy between 
simulation and experimental results as well as the fraction of photon flux absorbed into individual 
layers of the heterostructure stack (Figure 4 (b)). Despite the near-unity absorption observed in 
the heterostructure stack, there is parasitic absorption in both the underlying gold substrate and 
in the few-layer graphene that accounts for ~20% of the total absorbance. Such parasitic 
absorption can be reduced by using a silver back reflector, as shown in Figure 4(c) and Figure 4 
(d). We find that the simulated and measured absorbance is also in good agreement for the case 
of a silver back reflector. Thus, the optical response of a van der Waals heterostructure can be 
modelled accurately using full wave electromagnetic simulations and our method of 
measurement yields accurate and reliable results.  
To note, the subwavelength dimension of the total heterostructure thickness is critical for 
achieving near-unity absorption. Indeed, the entire stack can be treated as a single effective 
medium, where small phase shifts are present between layers and therefore the material 
discontinuities are effectively imperceptible to the incident light (see Supporting Information S3 
for details).  Ultimately, the van der Waals heterostructure-on-metal behaves as a single 
absorbing material with effective medium optical properties. Therefore, as previously 
demonstrated, near-unity absorption at different wavelengths can be achieved for a 
semiconducting layer with the appropriate thickness23,24 (~10-15 nm total thickness for TMD 
heterostructures).  
  
Carrier collection in van der Waals semiconductor junctions 
As discussed above, another criterion for high EQE is efficient carrier collection. Given the 
large exciton binding energies in TMDs (~50-100 meV in the bulk),25,26 the large internal electric 
field at the semiconductor heterojunction may play a role in exciton dissociation and subsequent 
carrier collection. Charge carrier separation in TMDs can be accomplished using either a pn 
junction or a Schottky junction, and we find that a pn heterojunction dramatically enhances the 
EQE when compared with a Schottky junction.  
The heterostructure described in Figure 4 (a) and (b) can be probed as an optoelectronic 
device with the formation of a top electrode (see inset of Figure 5 (a)). Since the back reflector 
(gold) can simultaneously serve as a back contact to the entire vertical heterostructure, we can 
use this scheme to compare the electronic performance of various vertical heterostructures. 
Given the work function between WSe2 (p-type) and Au, it is expected that a Schottky junction27 
will form between the two materials (See Figure 1 (c)), whereas WSe2 (p-type) on top of MoS2 (n-
type) is expected to form a pn heterojunction.4  High spatial resolution scanning photocurrent 
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microscopy allows us to examine the two heterostructure devices in detail (Figure 5 (a)). We 
observe large photocurrent for the pn heterojunction geometry (yellow region) compared to the 
Schottky junction geometry (light blue region). The decrease of the photocurrent in the left-side 
of the yellow region in Figure 5(a) is due to shadowing from the electrical probes. A line cut of 
the spatial photocurrent map  shown in Figure 5 (b) provides a clearer distinction between the 
two junctions, demonstrating ~6x more photocurrent for the pn junction relative  to the Schottky 
junction. 
The photocurrent density is directly related to the external quantum efficiency and 
therefore the product of the absorbance and IQE. In order to quantitatively compare the 
electronic differences between the two junctions, we need to normalize out the different optical 
absorption in the two devices, i.e. compute the IQE of each device 
𝐼𝑄𝐸𝐸𝑥𝑝(𝜆) =
𝐸𝑄𝐸(𝜆)
𝐴𝑏𝑠(𝜆)
(1)  
where 𝐸𝑄𝐸(𝜆) and 𝐴𝑏𝑠(𝜆) are the experimentally measured EQE and absorbance of their 
respective devices (Figure 5 (c) (i) and Figure 5 (d) (i)). A plot of the experimentally derived IQE 
(i.e. 𝐼𝑄𝐸𝐸𝑥𝑝) is shown in purple in Figure 5 (c) (ii) and Figure 5 (d) (ii). This plot also confirms that 
a pn junction geometry (with 𝐼𝑄𝐸𝐸𝑥𝑝~40%) formed of van der Waals materials is more efficient 
for carrier collection than a Schottky junction geometry (with 𝐼𝑄𝐸𝐸𝑥𝑝 ~10%). 
Embedded in the above analysis is yet another convolution of the optical and electronic 
properties. As per Figure 4 (b), we found that absorption in FLG and Au accounted for ~20% of 
the absorbance of the total heterostructure. Assuming very few photons absorbed in those layers  
ultimately are extracted as free carriers (i.e. 𝐼𝑄𝐸𝐴𝑢 ≈ 𝐼𝑄𝐸𝐹𝐿𝐺 ≈ 0), the IQE defined above 
convolutes the parasitic optical loss with the electronic loss in the device.28 Thus another useful 
metric we shall define is 𝐼𝑄𝐸𝐴𝑐𝑡𝑖𝑣𝑒, the active layer IQE:  
𝐼𝑄𝐸𝐴𝑐𝑡𝑖𝑣𝑒(𝜆) =
𝐸𝑄𝐸(𝜆)
𝐴𝑏𝑠(𝜆) − 𝐴𝑏𝑠𝑃(𝜆)
(2) 
where the additional term 𝐴𝑏𝑠𝑃(𝜆) corresponds to the parasitic absorption in the other layers of 
the device that do not contribute to current (i.e. Au and FLG in this device). Thus, 𝐼𝑄𝐸𝐴𝑐𝑡𝑖𝑣𝑒(𝜆) is 
a measure of the carrier generation and collection efficiency only in the active layer (i.e. WSe2 
and MoS2) of the device and is purely an electronic efficiency as defined above. We shall use this 
quantity to accurately compare electronic geometries. Given the good agreement between 
simulations and experiment shown in Figure 4, a simple method of estimating the parasitic 
absorption described above is therefore through electromagnetic simulations. 𝐼𝑄𝐸𝐴𝑐𝑡𝑖𝑣𝑒 of the 
Schottky and pn heterojunction geometries calculated with Eqn. 2 is shown in Figure 5 (c) (i) and 
Figure 5 (d) (ii)) with dotted green curves. 
Analysis of these plots reveals several important points. First, 𝐼𝑄𝐸𝐴𝑐𝑡𝑖𝑣𝑒 for the pn 
junction geometry is ~3x higher than in the Schottky junction geometry when spectrally 
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averaged. Though yet to be fully clarified, we attribute higher IQE in pn heterojunctions to the 
larger electric fields in a pn heterojunction that may lead to a higher exciton dissociation 
efficiency and consequently IQE. Second, compared to the IQE which included the parasitic 
absorption (purple dots in Figure 5 (c) (ii) and Figure 5 (d) (ii)), the active layer IQE curves (green 
dots) are spectrally flat within measurement error and calculations (𝛿𝐼𝑄𝐸/𝐼𝑄𝐸 ≈  0.07). Thus, 
the few broad peaks around the exciton energies of WSe2 (~770 nm) and MoS2 (~610 nm and 
~670 nm) in 𝐼𝑄𝐸𝐸𝑥𝑝 are not attributed to, e.g., resonant excitonic transport phenomena, but 
rather as a simple convolution of the optical and electronic effects when calculating the 
electronic IQE. In other words, consideration of parasitic absorption is critical when analyzing the 
electronic characteristics of thin optoelectronic devices. However, 𝐼𝑄𝐸𝐸𝑥𝑝 is still a useful metric, 
as it effectively sets a lower bound on the true IQE. Generally, we expect 𝐼𝑄𝐸𝐸𝑥𝑝 ≤ 𝐼𝑄𝐸𝑇𝑟𝑢𝑒 ≤
𝐼𝑄𝐸𝐴𝑐𝑡𝑖𝑣𝑒, as electromagnetic simulations tend to slightly overestimate the absorption when 
compared with experimental results. Thus in this paper, we shall plot both expressions when 
comparing different electronic device geometries. Finally, it is important to mention that an 
active layer IQE of ~70% is achieved in van der Waals heterostructures without complete 
optimization of the electronic configuration of the device, such as the band profiles and the 
specific choice of contacts. With careful electronic design, we suggest it may be possible to 
achieve active layer IQEs > 90%.  
 
Optically transparent contacts for carrier extraction 
As another aspect of analysis, we studied the role of vertical carrier collection compared 
to lateral carrier collection in van der Waals heterostructures. Graphene and its few-layer 
counterpart can form a transparent conducting contact allowing for vertical carrier collection, in 
contrast to in-plane collection (see Figure 1 (d)). The strong, in-plane covalent bonds of van der 
Waals materials suggest that in-plane conduction may be favorable when contrasted with the 
weak out-of-plane van der Waals interaction. However, the length scale for carrier transport in-
plane (~𝜇m) is orders of magnitude larger than in the vertical direction (~nm). Therefore, 
transport in a regime in between these two limiting cases is not surprising.  
Silver exhibits lower absorption in the visible than gold, suggesting it could be an optimal 
back reflector for photovoltaic devices, as seen in Figure 4. Thus, we contrast the case of in-plane 
and out-of-plane conduction concurrently with the presence of two different back reflectors that 
simultaneously function as an electronic back contact (gold vs. silver) to a pn heterojunction, as 
in Figure 6 (a) and (b). Optical and photocurrent images of the devices are shown in Supporting 
Information S1. 
Our results in Figure 6 (c) and (d) show the distinctions between the various contacting 
schemes. In the case of both silver and gold, a transparent top contact such as few-layer graphene 
seems to enhance the carrier collection efficiency. This is particularly true in the case of silver, 
where 𝐼𝑄𝐸𝐴𝑐𝑡𝑖𝑣𝑒 enhancements of ~5x is apparent. In the case of gold, the IQE is enhanced by 
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about ~1.5x when parasitic absorption is taken into account. By analyzing the work functions of 
gold (~4.83 eV29) and silver (~4.26 eV30), along with the electron affinity of MoS2 (~4.0 eV31), 
the Schottky-Mott rule suggests in both cases that a Schottky barrier should form equal to 𝜙𝐵 =
𝜙𝑀 − 𝜒,
32 where 𝜙𝐵 is the Schottky barrier height, 𝜙𝑀 is the work function of the metal, and 𝜒 
is the electron affinity of the semiconductor. However, several reports33–35 have indicated that 
gold appears to form an electrically Ohmic contact to MoS2, which we observe here. Conversely, 
the above data suggests that silver and MoS2 follow the traditional Schottky-Mott rule, leading 
to the formation of a small Schottky barrier of ~0.26 eV. Given that the energy barrier is about 
10𝑘𝑏𝑇, very few electrons can be extracted out of the pn heterojunction when silver is used as a 
back contact, leading to very low IQEs. By taking into account just the active layer (dashed lines), 
we see that gold is ~2x better as an electronic contact than silver. 
Finally, we examine the role of vertical carrier collection on the I-V characteristics of the 
two devices (Figure 6 (e) and (f)). In the case of gold, we see purely an enhancement of the short 
circuit current with vertical carrier collection. On the other hand, vertical carrier collection for 
silver drastically increases both the short circuit current density and the open circuit voltage. This 
phenomenon is consistent with the previously described nature of gold (Ohmic) and silver 
(Schottky) contacts. Namely, on silver in the absence of a transparent top contact, due to both 
the Schottky barrier and the large in-plane propagation distance, carriers are collected with poor 
efficiency leading to a small 𝐼𝑠𝑐. Consequently, a high recombination rate of the generated 
carriers which are inefficiently extracted leads to small 𝑉𝑜𝑐 values. On the other hand, even in the 
absence of a top transparent electrode, gold enables efficient extraction of electrons from the 
pn heterojunction as an Ohmic contact. Thus, the short circuit current and open-circuit voltage 
in gold are higher compared to the silver back contact, even in the absence of a transparent 
electrode. When introducing few-layer graphene as a transparent top contact, the propagation 
distance is significantly reduced in the silver device and carriers can be extracted with much 
higher efficiency, leading to a large enhancement of both the current and voltage. Whereas for 
gold, the few-layer graphene enhances the already high carrier collection (yielding larger 𝐼𝑠𝑐) but 
only has a negligibly small enhancement effect on the open-circuit voltage. Overall, these results 
demonstrate that vertical carrier collection plays a crucial role in high photovoltaic device 
performance in van der Waals heterostructures. 
 
Thickness dependence on charge collection efficiency 
 As a final point of analysis, we briefly examined the effect of thickness on 𝐼𝑄𝐸𝐴𝑐𝑡𝑖𝑣𝑒 under 
vertical carrier collection. We compared the optoelectronic characteristics of a thicker pn 
heterojunction (11 nm hBN/1.5 nm FLG/4 nm WSe2/9 nm MoS2/Au) with a thinner pn 
heterojunction (1.5 nm FLG/4 nm WSe2/5 nm MoS2/Au). The experimentally measured 
absorbance and EQE are plotted in Figure S4 for reference. By normalizing out the differences in 
absorption between the pn junctions, we see a somewhat surprising result when we analyze the 
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active layer IQE (dashed lines, Figure 7). In particular, despite the roughly 50% more length in 
active layer thicknesses (13 nm vs. 9 nm) and qualitatively different absorbance and EQE spectra, 
the thick pn junction exhibits nearly the same active layer IQE compared to the thin pn junction. 
In fact, it appears to be slightly more efficient, but this is within the error bar of the measurement 
and simulations (𝛿𝐼𝑄𝐸/𝐼𝑄𝐸 ≈ 0.07, see Methods for details of errors). This observation is 
corroborated with the experimentally derived IQE (dotted curves, Figure 7), which has nearly the 
same spectrum between the two thicknesses, but differ in magnitude due to differences in 
parasitic absorption. This result suggests that in the ultrathin limit (~10 nm) of van der Waals 
heterostructures with vertical carrier collection, the IQE has a weak dependence on active layer 
thickness. This weak dependence may be due to a combination of increased scattering competing 
with charge transfer,36,37 tunneling,4,38,39 and exciton quenching40,41 effects as the vdW 
heterostructure becomes thicker. The exact role of each of these effects, as well as possibly other 
effects, will require a new theoretical framework and experimental measurements to analyze 
their relative contributions to charge collection efficiency.   
 
CONCLUSIONS 
Our results suggest important challenges that must be addressed to enable high 
photovoltaic efficiency. For example, despite the usefulness of gold as an electrical back contact, 
we found from electromagnetic simulations that it accounts for nearly 20% of the parasitic loss 
in the heterostructures reported here. Schemes using optically transparent carrier selective 
contacts could be used to avoid this parasitic optical loss. Another open question is the role and 
importance of exciton dissociation and transport. Indeed, the large exciton binding energies in 
transition metal dichalcogenides (~50 − 100 meV in the bulk)25,26 suggests that a significant 
exciton population is generated immediately after illumination. However, it is not yet clear 
whether such an exciton population fundamentally limits the internal quantum efficiency of the 
device, posing an upper limit on the maximum achievable EQE in van der Waals materials based 
photovoltaic devices. Finally, the problem of open-circuit voltage must also be addressed. For 
example, the type-II band alignment between ultrathin MoS2 and WSe2 suggests a renormalized 
bandgap  of ~400 − 500 meV,42 given by the minimum conduction band energy and maximum 
valence band energy of the two materials. In accordance with the Shockley-Queisser limit, this 
would severely reduce the maximum power conversion efficiency attainable by a factor of ~3. 
Therefore, to achieve higher open circuit voltages, a monolithic device structure may be required 
to avoid low energy interlayer recombination states.   
However, our results described here also suggest a different approach in addressing the 
optical and electronic considerations for ultrathin van der Waals heterostructures when 
compared with conventional photovoltaic structures. For example, our observation that ultrathin 
van der Waals heterostructures can be optically treated as a single effective medium is a regime 
of optics that is uncommon for the visible to near-infrared wavelengths analyzed in photovoltaic 
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devices. Likewise, our observation of weak thickness dependence of the charge collection 
efficiency represents a realm of electronic transport that is also quite unconventional and 
unexplored when compared to traditional photovoltaic structures. Thus, the combination of the 
above observations may enable entirely different photovoltaic device physics and architectures 
moving forward.  
To summarize, we have shown that external quantum efficiencies > 50% and active layer 
internal quantum efficiencies > 70% are possible in vertical van der Waals heterostructures. We 
experimentally demonstrated absorbance > 90% in van der Waals heterostructures with good 
agreement to electromagnetic simulations. We further used the active layer internal quantum 
efficiency to quantitatively compare the electronic charge collection efficiencies of different 
device geometries made with van der Waals materials. By further reducing parasitic optical losses 
and performing a careful study on exciton dissociation and charge transport while simultaneously 
engineering the band profiles and contacts, van der Waals photovoltaic devices may be able to 
achieve external quantum efficiencies > 90%. Our results presented here show a promising and 
exciting route to designing and achieving efficient ultrathin photovoltaics composed of van der 
Waals heterostructures. 
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METHODS 
Metal Substrates Preparation 
Atomically smooth metal substrates were prepared using the template stripping 
technique.43,44 We prepared the substrates using polished silicon wafers (University Wafer) with 
native oxide and then cleaned the silicon substrates via sonication in acetone (10 minutes) 
followed by sonication in isopropyl alcohol (10 minutes). Samples were then blow dried with 
nitrogen gas before cleaning with oxygen plasma (5 minutes, 100 W, 300 mTorr under O2 flow).  
Metal was then deposited via electron beam evaporation on the polished and cleaned 
surface of the silicon wafer. For gold (Plasmaterials, 99.99% purity), base pressures of ~3e-7 Torr 
was achieved before depositing at 0.3 A/s. This continued until a thickness of ~20 nm was 
achieved. Then, the rate was slowly ramped to 1 A/s and then held there until a total thickness 
of 120 nm was reached. For silver (Plasmaterials, 99.99% purity), following McPeak et al.,45 we 
deposited at a base pressure of ~3e-7 Torr at 40 A/s for a final thickness of 150 nm.  After 
deposition of the metal, an adhesive handle was formed using a thermal epoxy (Epo-Tek 375, 
Epoxy Technology). 1 g of  part A Epo-Tek 375 and 0.1 g of part B Epo-Tek 375 was mixed in a 
glass vial and was let to settle for ~30 min, Afterward, individual droplets of the mixture was 
added directly onto the metallic surface before placing cleaned silicon chips (~ 1 cm2) on top. 
The droplet of epoxy was let to settle under the weight of the silicon chip before placing on a hot 
plate (~80 C) for 2 hours. Individual chips were then cleaved with a razor blade, forming the final 
substrate consisting of atomically smooth metal/themal epoxy/silicon. Typical RMS surface 
roughness of the metal was < 0.3 nm using this technique (examined via AFM). 
 
Van der Waals Heterostructure Fabrication 
The bottom-most layer of the van der Waals heterostructure (e.g. MoS2) was directly 
exfoliated onto the metallic susbtrates prepared using the above technique. Exfoliation was 
performed using bulk crystals purchased from HQ Graphene using Scotch tape. Subsequent 
layers were formed using a visco-elastic dry transfer technique46  using a home-built set-up at 
room temperature. Dry transfer was performed using PF-20-X4 Gel Film from Gel-Pak as the 
transparent polymer. Van der Waals materials were directly exfoliated onto the polymer using 
Nitto tape and then mechanically transferred onto the MoS2/metal substrate. Samples were 
examined in the optical microscope during each layer of the process and an AFM scan was 
performed afterwards to extract out the thicknesses of individual layers. Thicknesses were then 
corroborated with optical measurements and calculations. 
A top electrode was patterned using standard photolithography techniques. NR-9 1000 
PY was used as a negative resist. The resist was spun at 5000 RPM for 55 s before baking at 150 
C for 1 minute. A mask aligner with a pre-patterned mask was used to define the features and 
aligned on top of the van der Waals heterostructure. After exposure for ~18s under 10 mW of 
UV light (𝜆 = 365 nm), the resist was post-baked at 105 C for 1 min and cooled to room 
temperature. Finally, the resist was developed using RD-6 developer for 10-15 seconds before 
rinsing in deionized water for 35 seconds. The sample was then blown dry with nitrogen and 
examined under an optical microscope.   
Electron beam deposition was then used to form the top ring electrodes (10 nm Ti/90 nm 
Au). Base pressures of ~3e-7 Torr was achieved before the beginning of the deposition. For 
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titanium, a deposition rate of 0.3 A/s was used for the entirety of 10 nm. Immediately 
afterwards, gold was deposited at a rate of 0.3 A/s for 15 nm. The rate was slowly ramped to 
0.6 A/s for 10 nm, and then to 0.9 A/s for another 10 nm. At 35 nm of total gold thickness, the 
rate was finally ramped to 1.0 A/s until the total gold thickness was 90 nm. The resist was then 
lifted-off using heated acetone (40-45 C) for 30 minutes. If needed, the samples were sonicated 
in 5 s intervals in acetone to remove the resist. The sample was then rinsed in isopropyl alcohol 
and blow dried with nitrogen.  
 
Spatial Photocurrent Map and IV Measurements 
Samples were contacted on the top electrode and bottom metallic substrate using 
piezoelectric controlled probes (MiBots, Imina Technologies) with ~3 𝜇m2  tip diameter under 
a confocal microscope (Axio Imager 2 LSM 710, Zeiss) with a long working distance objective 
(50x, NA = 0.55). Samples were first checked for photoresponse using dark IV and white light 
illumination. Voltage sweeps were performed using a Keithley 236 source measure unit and in-
house written scripts. High resolution spatial photocurrent maps were performed using the 
same confocal microscope with an automated stage. The microscope was modified to measure 
photocurrent maps. Diffraction limited laser light (~6 𝜇m2 spot size) was coupled in and focused 
to perform high resolution spatial photocurrent maps (< 1 𝜇m lateral resolution), and power-
dependent IV measurements were performed at particular locations of the device using the 
spatial photocurrent maps. Illumination power was modified using neutral density filters in the 
microscope and the incident power was measured by a photodetector and cross-referenced 
with the EQE spectrum of the measured device. 
 
Spectral Absorbance and EQE Measurements 
Quantitative absorbance and external quantum efficiency measurements were 
performed using a home-built optical set-up. A supercontinuum laser (Fianium) was coupled to 
a monochromater to provide monochromatic incident light. A series of apertures and mirrors 
were used to collimate the beam before being focused on the sample with a long working 
distance (NA = 0.55) 50x objective to provide a small spot size (~1 𝜇m lateral resolution).  
Importantly, the small spot sizes allow us to probe individual regions on a particular sample. In 
addition, the relatively angle-insensitive light trapping structure23 used in this work along with 
a small NA objective allowed us assume that the collected signal is close to the normal incidence 
response.  
During all measurements, the light is first passed through a chopper (~103 Hz) and a small 
fraction was split into a photodetector connected to a lock-in amplifier.  The other beam-split 
light is used for probing the sample which is eventually sent to a photodetector (for absorbance 
measurements) or the sample itself is used as a photodetector (for external quantum efficiency 
measurements). Thus, the sample or photodetector is connected to a second lock-in amplifier 
for homodyne lock-in detection. 
For absorption measurements, the reflected signal was collected by the same 50x 
objective and passed through a beam splitter before being collected by a photodetector. The 
same spectral measurement was done with a calibrated silver mirror (Thorlabs) in order to 
obtain the absolute reflection spectrum. In the absence of transmission, the absorption is simply 
𝐴𝑏𝑠(𝜆) = 1 − 𝑅(𝜆). Reflection from the objective itself and other optical losses was subtracted 
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as a background. As mentioned before, a reference spectrum was collected using a small 
amount of beam-split light at the same time as the sample, background, and mirror scans to 
account for power fluctuations in the laser beam between scans. As a second reference, the 
metallic back substrate was measured during all absorption scans to check if the normalization 
was accurate. 
For external quantum efficiency measurements, the sample itself was used as a 
photodetector. The top ring electrode and bottom metallic substrate was probed using MiBots. 
Laser light was then focused on a particular spot and the current was collected by the probes and 
sent through a lock-in amplifier for homodyne detection, as in the reflection spectrum case. After 
measurement of the current signals from the sample, another spectral scan was performed with 
the optical system in the same configuration using a NIST calibrated photodetector (818-ST2-
UV/DB, Newport). Power fluctuations between scans were again accounted for by using a small 
amount of beam-split light and sending it to a photodetector. The measured currents were 
normalized to this photodetector’s current before being normalized to the calibrated 
photoresponse to yield the absolute EQE.  
Despite the various steps of calibration used for normalization, we still estimate 
measurement errors of 𝛿𝐴𝑏𝑠/𝐴𝑏𝑠 ≈  0.02 and 𝛿𝐸𝑄𝐸/𝐸𝑄𝐸 ≈ 0.05 stemming from the 
assumption of normal incidence for both absorption and external quantum efficiency 
measurements while using a NA = 0.55 objective, fluctuations in the laser power during the 
measurement, and sample contact stability. In addition, we have observed in our laser that there 
is relatively little power for 𝜆 < 450 nm. Additionally, there is relatively high absorbance in the 
50x objective for 𝜆 > 700 nm. Combined with the fact that the simulated parasitic absorption 
accounts for a larger fraction of the total absorption for 𝜆 < 450 nm and 𝜆 > 700 nm, the 
significantly noisier spectra in the active layer IQE at these wavelengths can be attributed to the 
factors described above.   
 
Electromagnetic Simulations 
Calculations were performed using the transfer matrix method20 with optical constants 
taken from literature for each of the transition metal dichalcogenides (TMDs).22 We assumed 
that for the TMD thicknesses analyzed in this paper, their optical response can be represented 
by the bulk optical permittivities. Permittivities of Ag and Au were taken from McPeak45  
and Olman,47 respectively. The optical response of few-layer graphene was assumed to be 
like graphite, with its dielectric constant taken from Djurisic.48 Hexagonal Boron Nitride (hBN) 
was assumed to be a lossless, non-dispersive dielectric in the visible with refractive index of 
n = 2.2.49 
Given that there is sample-to-sample variation of the dielectric constant, it is likely that 
the literature values of the dielectric constant differ from the samples measured here. This 
difference we estimate leads to absorption simulation errors of ~5%. Assuming this is true, the 
estimated error for the active layer IQE can be approximated as:  
𝛿𝐼𝑄𝐸
𝐼𝑄𝐸
≈ √(
𝛿𝐴𝑏𝑠
𝐴𝑏𝑠
)
2
+ (
𝛿𝐴𝑏𝑠𝑃
𝐴𝑏𝑠𝑃
)
2
+ (
𝛿𝐸𝑄𝐸
𝐸𝑄𝐸
)
2
 
which is about 7%. 
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FIGURES: 
 
 
Figure 1. Achieving High External Quantum Efficiency in van der Waals heterostructures: (a) A 
schematic of the van der Waals device stack where nanophotonic light trapping combined with 
efficient exciton dissociation and carrier collection yields EQEs >50%. (b) A schematic of 
comparing near-unity absorption in a single semiconducting layer on metal with a heterostructure 
of different semiconductors on metal. (c) A schematic of comparing a pn heterojunction with a 
Schottky junction for exciton dissociation and charge carrier separation in van der Waals 
materials. (d) A schematic of comparing vertical and lateral carrier collection schemes in van der 
Waals materials. 
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Figure 2. Optoelectronic performance characteristics: (a) Spectral characteristics of the 
experimentally measured absorbance (blue) and external quantum efficiency (red). The vertical 
solid line indicates the excitation wavelength (633 nm) for the measurements in (b) and Figure 3. 
The grey region indicates loss in photocurrent from the reflected photons. (b) I-V (light blue) and 
power-voltage (orange) characteristics of the device, excited at 𝜆 = 633 nm with ~45 𝜇W  
incident power with a spot size area of ~6 𝜇m2. We observe a maximum single wavelength power 
conversion efficiency of 3.4%. The yellow region indicates generated power from the device.  
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Figure 3. Power dependent device characteristics: Power dependent device characteristics at 𝜆 =
633 nm excitation for the (a) short circuit current (light blue), (b) open circuit voltage (black), (c) 
maximum power conversion efficiency (green), and (d) external quantum efficiency (red). The 
dashed lines in (a), (b), and (c) correspond to fits.  The area of the spot size of the laser in all of 
the above measurements is estimated to be ~6 𝜇m
2
.  
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Figure 4. Absorbance in van der Waals heterostructures: (a) Experimentally measured 
absorbance of the 1.5 nm FLG/4 nm WSe
2
/5 nm MoS
2
/Au stack as a function of wavelength. The 
inset is an optical micrograph of the fabricated van der Waals heterostructure (scale bar = 20 𝜇m) 
with the blue dot corresponding to the spot of spectral measurement. (b) The simulated 
absorbance of the structure in (a) partitioned into the fraction of absorbance going into individual 
layers of the heterostructure stack. The inset is a cross-sectional schematic of the simulated and 
measured heterostructure. (c) Experimentally measured absorbance of the 0.6 nm FLG/4 nm 
WSe2/9.5 nm MoS2/Ag stack as a function of wavelength. The inset is an optical micrograph of 
the fabricated van der Waals heterostructure (scale bar = 20 𝜇m) with the red dot corresponding 
to the spot of spectral measurement. (d) Same as in (b) except the simulated absorbance is for 
the sample fabricated on silver as shown in (c). 
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Figure 5. Charge transport and collection in vertical PN and Schottky junction geometries: (a) 
Spatial photocurrent map of the fabricated van der Waals heterostructure device using a 633 nm 
laser excitation.  The inset is an optical image of the device (scale bar = 20 𝜇m). (b) The line profile 
of the dotted red line arrow in (a), illustrating the different photocurrent intensities depending 
on the device geometry (Schottky and pn junction). (c) (i) Experimentally measured spectral 
characteristics of the absorbance (blue) and external quantum efficiency (red) in the 1.5 nm FLG/4 
nm WSe2/Au (Schottky geometry) device along with the (ii) experimentally derived internal 
quantum efficiency (purple) and the calculated active layer internal quantum efficiency (green). 
The inset is a cross-sectional schematic of the measured device, at the orange dot in (a). (d) Same 
as in (c) except with a 1.5 nm FLG/4 nm WSe2/5 nm MoS2/Au (pn geometry) device. The inset is 
a cross-sectional schematic of the measured device, at the purple dot in (a).
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Figure 6. Few-layer graphene as a transparent top contact: (a) Cross-sectional schematic of the 
two structures (with and without few layer graphene) compared on gold and (b) silver back 
reflectors. (c) Experimentally derived internal quantum efficiency (dots) and active layer internal 
quantum efficiency (dashed line) for a pn junction geometry with (blue) and without (red) few 
layer graphene on gold. (d) is the same as (c) except on silver, corresponding to the sample shown 
in (b).  (e) I-V curves of a pn junction geometry with (blue) and without (red) few-layer graphene 
under 633 nm (~180 𝜇W) laser illumination on a gold and (f) silver substrate. The shaded yellow 
and orange regions correspond to where there is a net generated power in the device.  
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Figure 7. Thickness dependence on charge collection efficiency: The estimated active layer 
(dashed lines) and experimentally derived (solid dots) internal quantum efficiency of the thin pn 
junction device (1.5 nm FLG/4 nm WSe2/5 nm MoS2/Au, green) and the thick pn junction device 
(11 nm hBN/1.5 nm FLG/4 nm WSe2/9 nm MoS2/Au, purple).   
 
 
  
This document is the unedited Author’s version of a Submitted Work that was subsequently accepted for 
publication in ACS Nano, copyright © American Chemical Society after peer review.  
To access the final edited and published work see  
http://pubs.acs.org/doi/full/10.1021/acsnano.7b03148 
22 
 
REFERENCES: 
(1)  Bernardi, M.; Palummo, M.; Grossman, J. C. Extraordinary Sunlight Absorption and One 
Nanometer Thick Photovoltaics Using Two-Dimensional Monolayer Materials. Nano Lett. 2013, 
13, 3664–3670. 
(2)  Piper, J. R.; Fan, S. Broadband Absorption Enhancement in Solar Cells with an Atomically Thin 
Active Layer. ACS Photonics 2016, 3, 571–577. 
(3)  Britnell, L.; Ribeiro, R. M.; Eckmann, A.; Jalil, R.; Belle, B. D.; Mishchenko, A.; Kim, Y.-J.; 
Gorbachev, R. V; Georgiou, T.; Morozov, S. V; Grigorenko, A. N.; Geim, A. K.; Casiraghi, C.; Castro 
Neto, A. H.; Novoselov, K. S. Strong Light-Matter Interactions in Heterostructures of Atomically 
Thin Films. Science (80-. ). 2013, 340, 1311–1314. 
(4)  Lee, C.-H.; Lee, G.; van der Zande, A. M.; Chen, W.; Li, Y.; Han, M.; Cui, X.; Arefe, G.; Nuckolls, C.; 
Heinz, T. F.; Guo, J.; Hone, J.; Kim, P. Atomically Thin PN Junctions with van Der Waals 
Heterointerfaces. Nat. Nanotechnol. 2014, 9, 676–681. 
(5)  Pospischil, A.; Furchi, M. M.; Mueller, T. Solar-Energy Conversion and Light Emission in an Atomic 
Monolayer PN Diode. Nat. Nanotechnol. 2014, 9, 257–261. 
(6)  Yu, W. J.; Liu, Y.; Zhou, H.; Yin, A.; Li, Z.; Huang, Y.; Duan, X. Highly Efficient Gate-Tunable 
Photocurrent Generation in Vertical Heterostructures of Layered Materials. Nat. Nanotechnol. 
2013, 8, 952–958. 
(7)  Baugher, B. W. H.; Churchill, H. O. H.; Yang, Y.; Jarillo-Herrero, P. Optoelectronic Devices Based 
on Electrically Tunable PN Diodes in a Monolayer Dichalcogenide. Nat. Nanotechnol. 2014, 9, 
262–267. 
(8)  Furchi, M. M.; Pospischil, A.; Libisch, F.; Burgdo, J.; Mueller, T. Photovoltaic Effect in an 
Electrically Tunable van Der Waals Heterojunction. Nano Lett. 2014, 14, 4785−4791. 
(9)  Eda, G.; Maier, S. A. Two-Dimensional Crystals: Managing Light for Optoelectronics. ACS Nano 
2013, 7, 5660–5665. 
(10)  Atwater, H. A.; Polman, A. Plasmonics for Improved Photovoltaic Devices. Nat. Mater. 2010, 9, 
205–213. 
(11)  Huang, L.; Li, G.; Gurarslan, A.; Yu, Y.; Kirste, R.; Guo, W.; Zhao, J.; Collazo, R.; Sitar, Z.; Parsons, G. 
N.; Kudenov, M.; Cao, L. Atomically Thin MoS2 Narrowband and Broadband Light Superabsorbers. 
ACS Nano 2016, 10, 7493–7499. 
(12)  Cheng, C.-W.; Shiu, K.-T.; Li, N.; Han, S.-J.; Shi, L.; Sadana, D. K. Epitaxial Lift-off Process for 
Gallium Arsenide Substrate Reuse and Flexible Electronics. Nat. Commun. 2013, 4, 1577. 
(13)  Glaser, P. E. Power from the Sun: Its Future. Science (80-. ). 1968, 162, 857–861. 
(14)  Wang, Z. L.; Wu, W. Nanotechnology-Enabled Energy Harvesting for Self-Powered Micro-
/nanosystems. Angew. Chemie - Int. Ed. 2012, 51, 11700–11721. 
(15)  Lipomi, D. J.; Bao, Z. Stretchable, Elastic Materials and Devices for Solar Energy Conversion. 
Energy Environ. Sci. 2011, 4, 3314. 
(16)  Shockley, W.; Queisser, H. J. Detailed Balance Limit of Efficiency of PN Junction Solar Cells. J. 
This document is the unedited Author’s version of a Submitted Work that was subsequently accepted for 
publication in ACS Nano, copyright © American Chemical Society after peer review.  
To access the final edited and published work see  
http://pubs.acs.org/doi/full/10.1021/acsnano.7b03148 
23 
 
Appl. Phys. 1961, 32, 510–519. 
(17)  Polman, A.; Knight, M.; Garnett, E. C.; Ehrler, B.; Sinke, W. C. Photovoltaic Materials – Present 
Efficiencies and Future Challenges. Science (80-. ). 2016, 352, 307. 
(18)  Miller, O. D.; Yablonovitch, E.; Kurtz, S. R. Strong Internal and External Luminescence as Solar 
Cells Approach the Shockley-Queisser Limit. Photovoltaics, IEEE J. 2012, 2, 303–311. 
(19)  Amani, M.; Taheri, P.; Addou, R.; Ahn, G. H.; Kiriya, D.; Lien, D. H.; Ager, J. W.; Wallace, R. M.; 
Javey, A. Recombination Kinetics and Effects of Superacid Treatment in Sulfur- and Selenium-
Based Transition Metal Dichalcogenides. Nano Lett. 2016, 16, 2786–2791. 
(20)  Pettersson, L. A. A.; Roman, L. S.; Inganäs, O. Modeling Photocurrent Action Spectra of 
Photovoltaic Devices Based on Organic Thin Films. 1999, 86, 487–496. 
(21)  Sangwan, V. K.; Arnold, H. N.; Jariwala, D.; Marks, T. J.; Lauhon, L. J.; Hersam, M. C. Low-
Frequency Electronic Noise in Single-Layer MoS2 Transistors. Nano Lett. 2013, 13, 4351–4355. 
(22)  Li, Y.; Chernikov, A.; Zhang, X.; Rigosi, A.; Hill, H. M.; van der Zande, A. M.; Chenet, D. A.; Shih, E.-
M.; Hone, J.; Heinz, T. F. Measurement of the Optical Dielectric Function of Monolayer Transition-
Metal Dichalcogenides: MoS2, MoSe2 , WS2, and WSe2. Phys. Rev. B 2014, 90, 205422. 
(23)  Jariwala, D.; Davoyan, A. R.; Tagliabue, G.; Sherrott, M. C.; Wong, J.; Atwater, H. A. Near-Unity 
Absorption in van Der Waals Semiconductors for Ultrathin Optoelectronics. Nano Lett. 2016, 16, 
5482–5487. 
(24)  Kats, M. A.; Blanchard, R.; Genevet, P.; Capasso, F. Nanometre Optical Coatings Based on Strong 
Interference Effects in Highly Absorbing Media. Nat. Mater. 2012, 12, 20–24. 
(25)  Komsa, H. P.; Krasheninnikov, A. V. Effects of Confinement and Environment on the Electronic 
Structure and Exciton Binding Energy of MoS2 from First Principles. Phys. Rev. B - Condens. 
Matter Mater. Phys. 2012, 86, 241201. 
(26)  Saigal, N.; Sugunakar, V.; Ghosh, S. Exciton Binding Energy in Bulk MoS2: A Reassessment. Appl. 
Phys. Lett. 2016, 108, 132105. 
(27)  Mönch, W. Valence-Band Offsets and Schottky Barrier Heights of Layered Semiconductors 
Explained by Interface-Induced Gap States. Appl. Phys. Lett. 1998, 72, 1899–1901. 
(28)  Armin, A.; Velusamy, M.; Wolfer, P.; Zhang, Y.; Burn, P. L.; Meredith, P. Quantum Efficiency of 
Organic Solar Cells: Electro-Optical Cavity Considerations. ACS Photonics 2014, 1, 173−181. 
(29)  Anderson, P. A. Work Function of Gold. Phys. Rev. 1959, 115, 553–554. 
(30)  Dweydari, A. W.; Mee, C. H. B. Work Function Measurements on (100) and (110) Surfaces of 
Silver. Phys. Status Solidi Appl. Mater. Sci. 1975, 27, 223–230. 
(31)  Howell, S. L.; Jariwala, D.; Wu, C. C.; Chen, K. S.; Sangwan, V. K.; Kang, J.; Marks, T. J.; Hersam, M. 
C.; Lauhon, L. J. Investigation of Band-Offsets at Monolayer-Multilayer MoS2 Junctions by 
Scanning Photocurrent Microscopy. Nano Lett. 2015, 15, 2278–2284. 
(32)  Bardeen, J. Surface States and Rectification at a Metal Semi-Conductor Contact. Phys. Rev. 1947, 
71, 717–727. 
(33)  Jariwala, D.; Sangwan, V. K.; Lauhon, L. J.; Marks, T. J.; Hersam, M. C. Emerging Device 
This document is the unedited Author’s version of a Submitted Work that was subsequently accepted for 
publication in ACS Nano, copyright © American Chemical Society after peer review.  
To access the final edited and published work see  
http://pubs.acs.org/doi/full/10.1021/acsnano.7b03148 
24 
 
Applications for Semiconducting Two-Dimensional Transition Metal Dichalcogenides. ACS Nano 
2014, 8, 1102–1120. 
(34)  Jariwala, D.; Sangwan, V. K.; Late, D. J.; Johns, J. E.; Dravid, V. P.; Marks, T. J.; Lauhon, L. J.; 
Hersam, M. C. Band-like Transport in High Mobility Unencapsulated Single-Layer MoS2 
Transistors. Appl. Phys. Lett. 2013, 102, 173107. 
(35)  Liu, H.; Neal, A. T.; Ye, P. D. Channel Length Scaling of MoS₂ MOSFETs. ACS Nano 2012, 6, 8563–
8569. 
(36)  Zhu, X.; Monahan, N. R.; Gong, Z.; Zhu, H.; Williams, K. W.; Nelson, C. A. Charge Transfer Excitons 
at van Der Waals Interfaces. J. Am. Chem. Soc. 2015, 137, 8313–8320. 
(37)  Chen, H.; Wen, X.; Zhang, J.; Wu, T.; Gong, Y.; Zhang, X.; Yuan, J.; Yi, C.; Lou, J.; Ajayan, P. M.; 
Zhuang, W.; Zhang, G.; Zheng, J. Ultrafast Formation of Interlayer Hot Excitons in Atomically Thin 
MoS2/WS2 Heterostructures. Nat. Commun. 2016, 7, 12512. 
(38)  Georgiou, T.; Jalil, R.; Belle, B. D.; Britnell, L.; Gorbachev, R. V; Morozov, S. V; Kim, Y.-J.; Gholinia, 
A.; Haigh, S. J.; Makarovsky, O.; Eaves, L.; Ponomarenko, L. a; Geim, A. K.; Novoselov, K. S.; 
Mishchenko, A. Vertical Field-Effect Transistor Based on Graphene-WS2 Heterostructures for 
Flexible and Transparent Electronics. Nat. Nanotechnol. 2013, 8, 100–103. 
(39)  Yu, W. J.; Li, Z.; Zhou, H.; Chen, Y.; Wang, Y.; Huang, Y.; Duan, X. Vertically Stacked Multi-
Heterostructures of Layered Materials for Logic Transistors and Complementary Inverters. Nat. 
Mater. 2012, 12, 246–252. 
(40)  Bhanu, U.; Islam, M. R.; Tetard, L.; Khondaker, S. I. Photoluminescence Quenching in Gold - MoS2 
Hybrid Nanoflakes. Sci. Rep. 2015, 4, 5575. 
(41)  Buscema, M.; Steele, G. A.; van der Zant, H. S. J.; Castellanos-Gomez, A. The Effect of the 
Substrate on the Raman and Photoluminescence Emission of Single-Layer MoS2. Nano Res. 2014, 
7, 1–11. 
(42)  Kang, J.; Tongay, S.; Zhou, J.; Li, J.; Wu, J. Band Offsets and Heterostructures of Two-Dimensional 
Semiconductors. Appl. Phys. Lett. 2013, 102, 12111. 
(43)  Vogel, N.; Zieleniecki, J.; Köper, I. As Flat as It Gets: Ultrasmooth Surfaces from Template-
Stripping Procedures. Nanoscale 2012, 4, 3820. 
(44)  McMorrow, J. J.; Walker, A. R.; Sangwan, V. K.; Jariwala, D.; Hoffman, E.; Everaerts, K.; Facchetti, 
A.; Hersam, M. C.; Marks, T. J. Solution-Processed Self-Assembled Nanodielectrics on Template-
Stripped Metal Substrates. ACS Appl. Mater. Interfaces 2015, 7, 26360–26366. 
(45)  Mcpeak, K. M.; Jayanti, S. V; Kress, S. J. P.; Meyer, S.; Iotti, S.; Rossinelli, A.; Norris, D. J. Plasmonic 
Films Can Easily Be Better: Rules and Recipes. ACS Photonics 2015, 2, 326–333. 
(46)  Castellanos-Gomez, A.; Buscema, M.; Molenaar, R.; Singh, V.; Janssen, L.; van der Zant, H. S. J.; 
Steele, G. A. Deterministic Transfer of Two-Dimensional Materials by All-Dry Viscoelastic 
Stamping. 2D Mater. 2014, 1, 11002. 
(47)  Olmon, R. L.; Slovick, B.; Johnson, T. W.; Shelton, D.; Oh, S. H.; Boreman, G. D.; Raschke, M. B. 
Optical Dielectric Function of Gold. Phys. Rev. B - Condens. Matter Mater. Phys. 2012, 86, 235147. 
(48)  Djurisic, A.; Li, E. H. Optical Properties of Graphite. J. Appl. Phys. 1999, 85, 7404–7410. 
This document is the unedited Author’s version of a Submitted Work that was subsequently accepted for 
publication in ACS Nano, copyright © American Chemical Society after peer review.  
To access the final edited and published work see  
http://pubs.acs.org/doi/full/10.1021/acsnano.7b03148 
25 
 
(49)  Geick, R.; Perry, C.; Rupprecht, G. Normal Modes in Hexagonal Boron Nitride. Phys. Rev. 1966, 
146, 543–547. 
 
This document is the unedited Author’s version of a Submitted Work that was subsequently accepted for 
publication in ACS Nano, copyright © American Chemical Society after peer review.  
To access the final edited and published work see  
http://pubs.acs.org/doi/full/10.1021/acsnano.7b03148 
1  
Supporting Information for  
High Photovoltaic Quantum Efficiency in Ultrathin van der Waals 
Heterostructures 
Joeson Wong1ǂ, Deep Jariwala1,2ǂ, Giulia Tagliabue1,4, Kevin Tat1, Artur R. Davoyan1,2,3, 
Michelle C. Sherrott1,2 and Harry A. Atwater1,2,3,4* 
1Department of Applied Physics and Materials Science, California Institute of Technology, 
Pasadena, CA-91125, USA 
2Resnick Sustainability Institute, California Institute of Technology, Pasadena, CA-91125, 
USA 
3Kavli Nanoscience Institute, California Institute of Technology, Pasadena, CA-91125, USA 
4Joint Center for Artificial Photosynthesis, California Institute of Technology, Pasadena, 
CA-91125, USA 
 
*  Corresponding author: Harry A Atwater (haa@caltech.edu) 
ǂ These authors contributed equally 
 
 
S1. Optical and Scanning Photocurrent Images of Samples 
 
 Optical and scanning photocurrent measurements were taken on all samples analyzed in 
this work, presented in Figure S1. Sample 1 is the high-performance device for which results are 
presented in Figure 2 and 3 of the main text. Results presented in Figure 5 and 7 correspond to 
Sample 2. Figure 6 draws comparisons between Samples 1 and 3, and Figure 4 draws comparisons 
between Samples 2 and 3.  
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Figure S1. Sample Images: The heterostructure designs, optical images, composite reflection & 
photocurrent maps, and the photocurrent maps for all the samples analyzed in this paper. The outlines in 
the optical images correspond to specific materials with the appropriate thickness and materials labeled 
(scale bar = 20 𝜇m). The composite reflection and photocurrent map is made by superimposing a 
reflection mode scan with a photocurrent scan (𝜆 = 633 nm). The bright white regions in the composite 
image correspond to high photocurrent. 
 
S2. Diode equation fitting and simulated AM 1.5G 
 A diode model is commonly used to examine the characteristics of photovoltaic devices. 
Here, we assume a single diode model with a series and shunt resistance as a simple model to 
understand the photovoltaic device characteristics: 
𝐼(𝑉) = 𝐼𝑑𝑎𝑟𝑘 (exp (
𝑞(𝑉 − 𝐼𝑅𝑠)
𝑛𝑘𝑏𝑇
) − 1) +
𝑉 − 𝐼𝑅𝑠
𝑅𝑠ℎ
− 𝐼𝐿                                                        (1)  
where 𝐼𝑑𝑎𝑟𝑘 is the dark current, 𝑞 is the fundamental charge constant (1.602 × 10
−19 C), 𝑛 is the 
ideality factor, 𝑘𝑏 is the Boltzmann constant (1.38 × 10
−23 J K-1), 𝑇 is the thermodynamic 
temperature (300 K, for this case), 𝑅𝑠 is the series resistance, 𝑅𝑠ℎ is the shunt resistance, and 𝐼𝐿 
is the generated current from the photovoltaic effect under illumination. Here, 𝑉 is the applied 
voltage and 𝐼 is the measured current. At short circuit, 𝑉 = 0 and 𝐼 → 𝐼𝑠𝑐. Thus, 
𝐼𝐿 = 𝐼𝑑𝑎𝑟𝑘 (exp (
−𝑞𝐼𝑠𝑐𝑅𝑠
𝑛𝑘𝑏𝑇
) − 1) −
𝐼𝑠𝑐𝑅𝑠
𝑅𝑠ℎ
− 𝐼𝑠𝑐                                                                          (2)  
For the case 𝑅𝑠 = 0, we recover the usual expression 𝐼𝐿 = −𝐼𝑠𝑐. We use the above two 
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expressions along with the measured short circuit current 𝐼𝑠𝑐 to perform a four parameter 
(𝑛, 𝐼𝑑𝑎𝑟𝑘, 𝑅𝑠, 𝑅𝑠ℎ) fit to the open circuit voltage 𝑉𝑜𝑐 and the power conversion efficiency 𝜂 =
𝑃𝑑𝑒𝑣𝑖𝑐𝑒/𝑃𝑖𝑛𝑝𝑢𝑡 as a function of input power. Here, we have explicitly measured the input power 
of the laser illumination. The fitted parameters are listed in Figure 3 (b) and Figure 3 (c) in the 
main manuscript, and are used to generate the dashed lines in those plots. Note that we use the 
same fitted parameters for both data sets. It is also important to note that by fitting the 
parameters under illumination at various powers, we expect the fitted parameters to represent 
primarily the device characteristics that are probed by laser illumination, and not all the other 
devices that are in parallel (which would be the case if we fitted to the dark IV).  
To estimate the power conversion efficiency under AM 1.5G illumination for the particular 
device, we use the expression: 
𝐼𝑠𝑐 = −𝑞𝐴 ∫ 𝐸𝑄𝐸𝑒𝑥𝑝(𝜆)𝑆𝐴𝑀 1.5𝐺(𝜆)𝑑𝜆
800 𝑛𝑚
400 𝑛𝑚
                                                                                (3)  
where 𝑞 is the fundamental charge constant (1.602 × 10−19 C), 𝐴 is the estimated active area, 
𝐸𝑄𝐸𝑒𝑥𝑝 is the experimentally measured EQE for the device, and 𝑆𝐴𝑀 1.5𝐺 is the solar photon flux 
(photons m-2 s-1 nm-1). Using the above fitted parameters and the calculated 𝐼𝑠𝑐, we can simulate 
the 𝐼(𝑉) characteristics of the device. We take 𝐽(𝑉) = 𝐼(𝑉)/𝐴 and calculate the power 
conversion efficiency (𝜂) as  
𝜂 =
𝐽𝑚𝑉𝑚
∫ (
ℎ𝑐
𝜆 ) 𝑆𝐴𝑀 1.5𝐺
(𝜆)𝑑𝜆 
∞
0
                                                                                                            (4)  
 Where 𝐽𝑚, 𝑉𝑚 is the current density and voltage at the maximum power point, respectively, and 
the denominator of the above expression represents the total incident power of solar irradiation 
(𝑆 = ∫ (
ℎ𝑐
𝜆
) 𝑆𝐴𝑀 1.5𝐺(𝜆)𝑑𝜆 
∞
0
= 1000 W m-2). We plot this as a function of estimated active area 
𝐴 in Figure S2 (a). Note that with increasing estimated active area, we observe an increase in the 
power conversion efficiency.  
Here, the active area effectively reduces the dark current density 𝐽𝑑𝑎𝑟𝑘 = 𝐼𝑑𝑎𝑟𝑘/𝐴 for 
increasing 𝐴, and therefore leads to a concentration-like effect on the power conversion 
efficiency. Thus, there is a logarithmic dependence of 𝜂 on the active area 𝐴 and therefore 𝜂 
varies weakly with 𝐴. Moreover, the above analysis for 𝐴 also allows us to estimate the 
appropriate area for the simulated device performance, as this is not the area under illumination, 
but rather the area from which dark current, series resistance, and shunt resistance contribute 
to the total measured current (i.e. the total sample size). We estimate this area to be in the range 
of 202 − 402 𝜇m2 from the optical image (Figure S1) and plot the J-V characteristics assuming a 
30 × 30 𝜇m2 active area below (Figure S2 (b)). Typical photovoltaic figures of merit are also 
shown. We achieve 𝐽𝑠𝑐  > 8 mA/cm
2 under 1 sun illumination. This value depends only on the 
experimentally measured EQE and does not depend on any fitting parameters, as evident in Eqn. 
3. However, the expected 𝑉𝑜𝑐 and 𝐹𝐹 are sub-optimal, due to the type-II band alignment and high 
series resistance of the device. Thus, despite having fairly large short circuit current densities, 
device performance is limited primarily by the open circuit voltage and fill fraction, leading to an 
overall predicted 𝜂𝐴𝑀 1.5𝐺 ≈ 0.4%. 
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The above analysis differs from the typical experimental scenario where we estimate the 
input power as 𝑃𝑖𝑛𝑝𝑢𝑡 = 𝑆𝐴, where 𝑆 = 1000 W m
-2 and 𝐴 is the illumination area. Thus, the 
experimental efficiency is given as 𝜂 =
𝑃𝑚,𝑒𝑥𝑝
𝑃𝑖𝑛𝑝𝑢𝑡
, where 𝑃𝑚,𝑒𝑥𝑝 is the maximum power of the 
experimentally measured device. In the experimental case, 𝐴 is optimally the solar illumination 
area through some well-calibrated aperture.1 In this case, the power conversion efficiency is 
inversely proportional to the estimated active area and therefore leads to larger 𝐽𝑠𝑐 and 𝜂 for 
smaller 𝐴. This is a common source of error in estimating 𝜂 for small devices, as |𝛿𝜂|/𝜂 = |𝛿𝐴|/𝐴, 
with the error in efficiency 𝛿𝜂 depending linearly with the error in active area estimation 𝛿𝐴. 
Particularly for micron and nano-scale devices such as in van der Waals materials, particular care 
must be taken to avoid errors in measuring and calculating the power conversion efficiency, as 
discussed by Snaith et al. in ref. 1. Here, we show a distribution of efficiencies based on our active 
area estimation, leading to AM 1.5G power conversion efficiencies between 0.25% to 0.5%. For 
our above calculation methodology, we can derive the error dependence to be roughly 
|𝛿𝜂|
𝜂
≈
|𝛿𝐴|
𝐴
(
𝑛𝑘𝑏𝑇
𝑞𝑉𝑜𝑐 
), where the extra factor of 𝑛𝑘𝑏𝑇/(𝑞𝑉𝑜𝑐) comes from the dependence of 𝜂 with an 
estimated 𝑉𝑜𝑐, rather than 𝐽𝑠𝑐. The low values of absolute efficiency and logarithmic dependence 
on active area using our calculation methodology imply a weak dependence of the error on 
estimated active area, and thus suggests our calculated performance is a reasonable estimate for 
an experimental AM 1.5G measurement.  
Figure S2. Estimated 1 Sun AM 1.5G performance: (a) Estimated 1 Sun AM 1.5G power conversion 
efficiency of the device measured in Figure 2 and 3 of the main manuscript as a function of estimated 
active area. The blue line corresponds to a 30 × 30 𝜇m2 estimated active area used for the plot in (b). (b) 
The estimated J-V curve of the device studied in Figure 2 and 3 of the main manuscript in the dark (black 
line) and under 1 Sun AM 1.5G illumination (blue) assuming a 30 × 30 𝜇m2 active area. Estimated device 
characteristics are in the bottom right-hand corner of the plot.  
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S3. Effective medium theory in ultrathin heterostructures 
Given that the samples considered in this work are deep sub-wavelength (~10-15 nm ≪ ~ 500 
nm), it is expected that an effective medium theory can be employed. An effective medium 
dielectric constant was calculated using  
𝜀𝐸𝑀𝑇(𝜆) =
∑ 𝜀𝑗(𝜆)𝑡𝑗
𝑁
𝑗=1
∑ 𝑡𝑗
𝑁
𝑗=1
                                                                                                                      (5)  
where 𝜀𝐸𝑀𝑇 is the effective medium dielectric constant, 𝜀𝑗 is the dielectric constant of the 𝑗th 
layer, 𝑡𝑗 is the thickness of the 𝑗th layer, and 𝑁 is the total number of layers, excluding the metal 
substrate. Figure S3 (a) shows the effective dielectric constant calculated for the sample studied 
in Figure 4 (a) and (b) of the main paper. Optically, the dielectric constant can be considered as a 
single absorbing dielectric layer. The validity of this approach is shown by calculating the 
absorption spectrum using the effective medium dielectric constant and all the individual 
dielectric components in a stack (Figure S3 (b)). Thus, one would expect similar non-trivial phase 
shifts at the absorbing dielectric – metal interface,2 even when several layers are incorporated. 
In the deep sub-wavelength regime, the phase shifts between different van der Waals 
heterostructures are unimportant as the light will average over these effects. Therefore, near-
unity absorption is also achievable in ultrathin van der Waals heterostructures, as has been 
demonstrated for single-component absorbers on a reflective surface.3 
 
 
 
Figure S3. Effective medium theory in ultrathin van der Waals heterostructures:  (a) The real (red) and 
imaginary (cyan) part of the effective medium theory (EMT) dielectric constant of the gold sample studied 
in Figure 4 of the main paper (1.5 nm FLG/4 nm WSe2/5 nm MoS2/Au). (b) The absorption spectrum 
calculated using the effective medium dielectric constant (blue dots, 10.5 nm EMT material/Au) versus 
the absorption spectrum calculated using all the dielectric components (black dots, 1.5 nm FLG/4 nm 
WSe2/5 nm MoS2/Au). 
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S4. Absorbance and EQE Plots of Thick and Thin PN Junctions 
Despite the vastly different absorbance and EQE spectra between the thick and thin pn 
heterojunction devices (Figure S4), along with the differences in active-layer thicknesses (13 nm 
and 9 nm, respectively), the active-layer and experimental IQE response of the two devices are 
comparable (Figure 7 of the main manuscript). This suggests competing effects in the generation 
and collection of carriers4–10 in the ultrathin limit. Further experimental studies on carrier 
transport corroborated with theoretical models are needed to understand the role this may have 
on ultrathin photovoltaic devices made of van der Waals materials. 
 
 
 
Figure S4. Absorbance and EQE of Thick and Thin PN Junctions: (a) Experimentally measured absorbance 
(blue) and EQE (red) of the thin pn heterojunction (1.5 nm FLG/4 nm WSe2/5 nm MoS2/Au). (b) Same as 
in (a) except for a thick pn heterojunction (11 nm hBN/1.5 nm FLG/4 nm WSe2/9 nm MoS2/Au).  
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